Abstract: Deltaic areas and marginal seas are important archives that document information on regional tectonic movement, sea level rise, river evolution, and climate change. Here, sediment samples from boreholes of the Yangtze Delta and the modern Yangtze drainage were collected. A quantitative analysis of detrital zircon morphology was used to discuss the provenance evolution of the Yangtze Delta. This research demonstrated that a dramatic change in sediment provenance occurred in the transition from the Pliocene to Quaternary. Zircon grains in the Pliocene sediments featured euhedral crystals with large elongation (>3 accounted for 13.2%) and were closely matched to tributary samples in the Lower Yangtze (>3 accounted for 11.3%), suggesting sediment provenance from the proximal river basin. However, most detrital zircon grains of the Quaternary samples exhibited lower values of elongation and increased roundness (rounded grains were 9.4%), which was similar to those found in the modern Yangtze mainstream (rounded grains were 12.5%) and the middle tributaries (rounded grains were 7.0%). The decrease in zircon elongation and improvement of its roundness in the Quaternary strata implied that the Yangtze Delta received sediments of different provenance that originated from the Middle-Upper Yangtze basin due to the uplift of the Tibetan Plateau. Statistical analysis of detrital zircon morphology has proven useful for studying the source-to-sink of sediments.
Introduction
Large river deltas and marginal seas receive large quantities terrigenous sediments, making them ideal sites for the study of source-to-sink systems and land-sea interaction on multiple spatiotemporal scales [1] [2] [3] . In order to carry out source identification effectively, multiple technical means including bulk-sediment geochemistry, heavy minerals analysis, and single-mineral in situ analysis are widely applied [4] [5] [6] . Regarded as one of the most stable minerals in sediments, zircon has a strong resistance to burial diagenesis and chemical weathering [4, 7] . Moreover, it can be easily separated from the sediment. Several researchers have used the geochemistry of zircon to trace sediment provenance and made substantial achievements [8] [9] [10] . However, it is very expensive to analyse a large number of samples. In addition, scholars are advised to integrate multiple techniques in order to avoid misleading interpretations caused by a single research method [11, 12] . Apart from its geochemistry, the features of zircon morphology including its crystal population, elongation, and roundness are feasible to 
The Stratigraphy and Chronology of the Yangtze Delta
The Yangtze Delta has a thickness of 200-400 m of unconsolidated sediment stratum, as shown in Figure 2 . Based on palaeomagnetic dating results, the bottom stratum of the Yangtze Delta was formed since the Neogene Period [23] . In general, the magnetostratigraphic boundary between the Matuyama and Gauss epochs (M/G) lies at core depths of 160-300 m, dividing the Pliocene from the Pleistocene [23] . In our study, the M/G boundary of Cores LQ11, LQ19, and LQ24 was located at burial depths of 252 m, 278 m, and 337 m, respectively Figure 2 . Detailed stratigraphic chronology was deciphered by [23] , [22] , and [27] . 
The Yangtze Delta has a thickness of 200-400 m of unconsolidated sediment stratum, as shown in Figure 2 . Based on palaeomagnetic dating results, the bottom stratum of the Yangtze Delta was formed since the Neogene Period [23] . In general, the magnetostratigraphic boundary between the Matuyama and Gauss epochs (M/G) lies at core depths of 160-300 m, dividing the Pliocene from the Pleistocene [23] . In our study, the M/G boundary of Cores LQ11, LQ19, and LQ24 was located at burial depths of 252 m, 278 m, and 337 m, respectively Figure 2 . Detailed stratigraphic chronology was deciphered by [23] , [22] , and [27] . , and LQ24 are modified after [23] , [22] , and [27] , respectively.
The late Cenozoic stratigraphy of the Yangtze Delta has five to six sedimentary cycles [35] . The Pliocene strata have a thickness of <100 m and directly overlie the late Mesozoic-Cenozoic magmatic bedrocks with a weathering unconformity. These strata comprise several sedimentary sequences that mainly contain clayey silt and vermiculated stiff clay. Each sequence shows a fining-upward with medium-fine sand at the bottom and clay at the top. The Pliocene sediments contain a number of iron-manganese nodules and calcareous concretions. Furthermore, coarse sediments of gravel sand can be found, with diameters ranging from 2-50 mm.
The Quaternary strata (50-300 m) of the Yangtze Delta overlie the Pliocene strata with a distinct weathering unconformity in Figure 2 . The sediment in this layer is mainly composed of silt, fine sand and gravel, which display sedimentary features typical for fluvial systems [35] . The layer contains several fining-upward sedimentary sequences in which dark-grey sand (ca. 5 m thick) is at the bottom and grey silty clay (ca. 5 m thick) is at the top. The Quaternary strata are complex, and are featured by the river channel, tidal river, estuarine, lacustrine, and mud tidal flat facies [18] . Foraminifera and shell debris began to occur in the Mid-Late Quaternary sediment, indicating marine transgressions in this area [36] .
Materials and Methods
In the present study, sediment samples were taken from two areas: The sink and the source regions, as shown in Figure 1 . In the sink area, three continuous boreholes (LQ11, LQ19, and LQ24) that span from the Holocene, the Pleistocene, and the Pliocene until the bedrock, were collected in Figure 2 . Sediment sampling depth and stratigraphy of Cores LQ11, LQ19, and LQ24. Comprehensive stratigraphic information on the strata of the Yangtze Delta includes sedimentary facies, polarity epoch, and sediment composition. Q = Quaternary, N = Pliocene. The red dotted line represents the Pliocene-Pleistocene boundary. Logs of LQ11, LQ19, and LQ24 are modified after [23] , [22] , and [27] , respectively.
In the present study, sediment samples were taken from two areas: The sink and the source regions, as shown in Figure 1 . In the sink area, three continuous boreholes (LQ11, LQ19, and LQ24) that span from the Holocene, the Pleistocene, and the Pliocene until the bedrock, were collected in Figure 1 . A total of 11 borehole sediment samples were selected for the morphology analysis of detrital zircon. The sediment sampling was based on the paleomegnetic dating results in order to ensure that samples were located at the Pliocene-Quaternary transition. Detailed strata information including paleomegnetic dating, micropaleontology, and sedimentary facies were documented in [23] , [22] , and [27] .
In the potential source area, a total of 11 surface sediments were collected from the modern Yangtze mainstream, tributaries of the Middle-Lower Yangtze, and the Qiantang River in Figure 1 . All of these river sediments were collected from the floodplain or central bars. For each sample, more than 2 kg sediments were taken with a clean wooden spoon.
To analyse the morphology of detrital zircon grains, the size fraction of very fine sand (63-125 µm) was chosen because it contained a high percentage of heavy minerals in the Yangtze sediment, which allowed for the relatively easy optical observation of mineral grains [3] . The separation of heavy minerals abided by the standard procedures described by [37] . Firstly, the very fine sand fraction was separated and wet-sieved through 63 µm and 125 µm sieves to rinse off the clay, silt, and the coarse fractions. After being dried at 40 • C, the fine sand was separated with a sodium polytungstate solution (density of 2.88 g/cm 3 ) at 20 • C. After the heavy liquid separation process, heavy minerals were then used for zircon collection with a Frantz magnetic separator. Detrital zircon grains were randomly picked under a stereoscopic microscope, identified, and examined under a polarizing microscope. Finally, the zircon grains were coated with carbon and photographed by a scanning electron microscope (XL-30 ESEM from Philips) to carry out the morphology analysis. The zircon analysis was performed in the State Key Laboratory of Marine Geology, Tongji University (Shanghai, China). The length and width of each zircon grain were measured by the software Image J, and the elongation was calculated by the ratio of length to width.
A total of 1642 detrital zircon grains with unbroken crystal shape were analysed with respect to their morphology, including elongation (length-to-width) and the degree of roundness. Although several authors have investigated the morphology of zircon crystal grains, there is no agreement concerning the definition or classification of roundness [13, 38] . There are several reasons for this, e.g., certain zircons lose their outer layers and then appear nearly fresh again, making it difficult to distinguish the subangular grains from the subrounded ones. Thus, these two types are combined into one type. In this study, three types of roundness including angular, subangular, and rounded were set according to the standard classification of roundness [39] . For the elongation (the length-width ratio) analysis, four groups were identified including <2, 2-3, 3-4, and >4.
Results

Detrital Zircon Morphology Features of Core Sediment in the Yangtze Delta
Based on the characteristic vertical distribution of detrital zircon morphology in Cores LQ11, LQ19, and LQ24, two different zones were identified in Figures 3 and 4 . The boundary of these two zones was located in the Pliocene-Pleistocene boundary.
The Pliocene samples: In this zone, the elongation of zircon grains ranged from 1.0 to 4.8. Based on the elongation classification, three samples contained four groups and the other three samples had three types, as shown in Table 1 . Approximately half of the detrital zircon grains from the Pliocene strata showed the elongation between two to three in Figure 3 . In addition, the small elongation of <2 accounted for around 40%, ranging from 37.7% to 44.0% in Table 1 . Furthermore, the percentage of the large elongation (>3) was 13.2% on average, ranging from 8.0% to 15.8%.
Similar to the vertical variation of the elongation, the roundness of zircon in the Pliocene samples was generally poor (angular-subangular). In these samples, angular and subangular crystals accounted for average proportions of 79% and 20%, respectively. Rounded zircon grains (only 1%) were rarely observed in this zone in Figure 4 .
The Quaternary samples: In contrast to the Pliocene samples, the detrital zircon with a small elongation ratio increased in the Quaternary samples, as shown in Figure 3 . The proportion of the small elongation group (<2) increased significantly up to nearly two thirds, ranging from 56.1% to 72.6%. Elongations between two and three were found in 22.6% to 37.3% of the five Quaternary samples. Moreover, the proportion of the large elongation ratio (>3) accounted for up to 4.8% on average, ranging from 1.3% to 10.5%.
Well-rounded zircon grains were more abundant in the Quaternary samples than in the Pliocene samples, as shown in Figure 4 . Although the angular zircon grains were still prevalent in the Quaternary samples, subangular and rounded zircon grains increased significantly. In this zone, zircon grains with angular, subangular, and rounded shapes averaged 43.9%, 46.7%, and 9.4%, respectively.
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Detrital Zircon Morphology Characteristics of the Modern Rivers
Modern river data showed that the elongation and roundness of zircon were significantly different between the tributaries and the Yangtze mainstream, as shown in Figure 5 . The Lower Yangtze tributary and Qiantang River contained four elongation groups and were mainly composed of the groups of <2 and 2-3, representing 41.5% and 47.2% on average, respectively. The average proportion of large elongation (>3) was about 10%.
of
The average proportion of the elongation group of <2 was 62.5%, and the large elongation of >3 decreased to only 4.3%. On the other hand, the average percentage of angular, subangular, and rounded zircon in the mainstream accounted for 50.0%, 37.5% and 12.5%, respectively; while these zircon types averaged 71.1%, 24.6%, and 4.3% in the Lower Yangtze tributaries. However, samples of the Middle Yangtze tributaries were characterised by shorter and less rounded detrital zircon grains, as shown in Figure 5 . The well-rounded zircon grains accounted for 7.0% on average. The average proportion of the elongation group of <2 was 62.2%, and the large elongation of >3 was only 4.4%. Figure 1 for the explanation of the abbreviations of some place names.
Discussion
Sediment Provenance of the Yangtze Delta in the Pliocene
For different rock types including magmatic, metamorphic, and sedimentary rocks, zircon grains developed into various crystal shapes due to different crystallization environment conditions such as temperature, pressure, pH value, oxygen fugacity, and so on [40, 41] . Previous studies demonstrated that zircon is featured by slender crystals in high-level granites and acid volcanic rocks, but its crystal shapes generally are characterised by stunted and stubbed shapes in the sedimentary and low-grade metamorphic rocks [40] [41] [42] . Thus, the elongation of zircon grains that are not too round is always used as an index to reflect the crystallisation velocity and temperature [43, 44] .
The present study shows that the morphological features of detrital zircon grains were different between samples from the Pliocene and the Quaternary strata in the Yangtze Delta, as shown in Figure 6 . Towards the bottom of LQ11, LQ19, and LQ24, zircon grains are characterised by large elongation (>3) and poor roundness, implying that their source rocks may simply be igneous sources that have not been recycled. The elongation group of 2-3 accounted for 44.7% of the total The sediment groups of the Yangtze mainstream and the Middle Yangtze tributaries were indistinguishable from each other with respect to their average elongation and roundness. The Yangtze mainstream yielded zircon elongation groups <2, 2-3, and 3-4, whereas it lacked groups >4. The average proportion of the elongation group of <2 was 62.5%, and the large elongation of >3 decreased to only 4.3%. On the other hand, the average percentage of angular, subangular, and rounded zircon in the mainstream accounted for 50.0%, 37.5% and 12.5%, respectively; while these zircon types averaged 71.1%, 24.6%, and 4.3% in the Lower Yangtze tributaries. However, samples of the Middle Yangtze tributaries were characterised by shorter and less rounded detrital zircon grains, as shown in Figure 5 . The well-rounded zircon grains accounted for 7.0% on average. The average proportion of the elongation group of <2 was 62.2%, and the large elongation of >3 was only 4.4%.
Discussion
Sediment Provenance of the Yangtze Delta in the Pliocene
The present study shows that the morphological features of detrital zircon grains were different between samples from the Pliocene and the Quaternary strata in the Yangtze Delta, as shown in Figure 6 . Towards the bottom of LQ11, LQ19, and LQ24, zircon grains are characterised by large elongation (>3) and poor roundness, implying that their source rocks may simply be igneous sources that have not been recycled. The elongation group of 2-3 accounted for 44.7% of the total zircon grains, and the large elongation group (>3) accounted for 13.2% on average in Table 1 . Compared with potential source sediments, the average percentage of these two elongation groups was 47.2% and 11.3% in tributaries of the Lower Yangtze, shown in Table 1 , which matched with the sediment samples of the Pliocene, as shown in Figures 3-5 .
Pliocene samples as well as in the modern tributaries of the Lower Yangtze, shown in Figures 6 and  7 . However, such slender zircon grains were almost absent in the mainstream and tributaries of the Middle Yangtze, as shown in Figure 6 . These euhedral zircon grains with the large elongation indicate volcanic and granitic source rocks that are distributed in the Lower Yangtze basin and southwestern Zhejiang Province [34] . Previous heavy mineral analysis documented high contents of ilmenite, zircon, and tourmaline in the Pliocene strata, which also suggested that the potential sources were intermediate-acid igneous rocks in the proximal basin [27, 28] .
The Pliocene samples were similar to those of the Lower Yangtze tributaries with respect to their elongation and roundness, as shown in Figure 7 . The angular and subangular zircon grains accounted for average proportions of 79% and 20%, while rounded zircon grains represented only 1% in Figure 4 Further statistical data showed that slender zircon grains (length >300 µm) were observed in the Pliocene samples as well as in the modern tributaries of the Lower Yangtze, shown in Figures 6  and 7 . However, such slender zircon grains were almost absent in the mainstream and tributaries of the Middle Yangtze, as shown in Figure 6 . These euhedral zircon grains with the large elongation indicate volcanic and granitic source rocks that are distributed in the Lower Yangtze basin and southwestern Zhejiang Province [34] . Previous heavy mineral analysis documented high contents of ilmenite, zircon, and tourmaline in the Pliocene strata, which also suggested that the potential sources were intermediate-acid igneous rocks in the proximal basin [27, 28] . In the Neogene Period, the depocenter of the study area was located in the northwest of the Yangtze Delta (North Jiangsu Basin) in Figure 8 . Previous studies showed that the elevation of the modern Yangtze estuary region was relatively high during that time [29, 45] . Moreover, due to the low deposition rate in the study area [45] , detritus had enough time to contact with the atmosphere, and more altered minerals were formed under the strong chemical weathering conditions. Detrital mineral analysis demonstrated that the Pliocene sediments were featured by abnormally high contents of limonite (ca. 30%), leucoxene, zircon, tourmaline, and extremely low levels of amphibole (5%) [27] . Controlled by the regional geologic structure, sediment sources of the study area lay in the proximal area of the southwestern Zhejiang Provence, and the Zhe-Min Uplift, as shown in Figure 8 . The detrital zircon U-Pb age spectra of the Pliocene sediments indicated that they were mainly composed of Cretaceous ages, which suggested proximal sources from the middle-lower reaches of the Yangtze [21, 46] .
In general, the features of the zircon elongation and roundness in the Pliocene sediment of the Cores LQ11, LQ19, and LQ24 closely matched with samples of the tributaries of the Lower Yangtze. This implied that the sediment provenance of the Yangtze Delta before the Quaternary was merely from the proximal basin where magmatic rocks were widely distributed. The Pliocene samples were similar to those of the Lower Yangtze tributaries with respect to their elongation and roundness, as shown in Figure 7 . The angular and subangular zircon grains accounted for average proportions of 79% and 20%, while rounded zircon grains represented only 1% in Figure 4 . The lower reaches of the Yangtze host large blocks of Mesozoic intermediate-acidic igneous rocks. Other types of metamorphic and sedimentary rocks are distributed sporadically.
In the Neogene Period, the depocenter of the study area was located in the northwest of the Yangtze Delta (North Jiangsu Basin) in Figure 8 . Previous studies showed that the elevation of the modern Yangtze estuary region was relatively high during that time [29, 45] . Moreover, due to the low deposition rate in the study area [45] , detritus had enough time to contact with the atmosphere, and more altered minerals were formed under the strong chemical weathering conditions. Detrital mineral analysis demonstrated that the Pliocene sediments were featured by abnormally high contents of limonite (ca. 30%), leucoxene, zircon, tourmaline, and extremely low levels of amphibole (5%) [27] . Controlled by the regional geologic structure, sediment sources of the study area lay in the proximal area of the southwestern Zhejiang Provence, and the Zhe-Min Uplift, as shown in Figure 8 . The detrital zircon U-Pb age spectra of the Pliocene sediments indicated that they were mainly composed of Cretaceous ages, which suggested proximal sources from the middle-lower reaches of the Yangtze [21, 46] .
In general, the features of the zircon elongation and roundness in the Pliocene sediment of the Cores LQ11, LQ19, and LQ24 closely matched with samples of the tributaries of the Lower Yangtze. This implied that the sediment provenance of the Yangtze Delta before the Quaternary was merely from the proximal basin where magmatic rocks were widely distributed. 
Sediment Provenance Change in the Yangtze Delta During the Quaternary
Contrary to the Pliocene sediment samples, the zircon morphology of the Quaternary samples was dominated by the small elongation group of <2 in Figures 3 and 7 . According to the elongation statistic, the small elongation group represented approximately two thirds, while the large elongation group of >3 only accounted for 4.8% on average. The percentage of the large elongation group was about one third of the Pliocene samples and similar to that of the Yangtze mainstream (4.3% on average) and the Middle Yangtze tributaries (4.4% on average). With respect to roundness, well-rounded zircon grains occurred much more frequently in the Quaternary samples than in the Pliocene and accounted for 9.4% on average, which matched well with the sample from the Yangtze mainstream (12.5%) and was a little higher than the sample from the Middle Yangtze tributaries (7.0%) in Figures 4 and 7 .
The increase of zircon grains with small elongation in the Quaternary strata can be correlated to a multitude of potential source rocks. As mentioned above, slender zircon grains often originate from intermediate-acid igneous rocks such as those of granitic and acid volcanic genesis, while stubbed shapes are from the sedimentary and low-grade metamorphic rocks. Previous studies have documented that the Middle-Upper Yangtze basin covers different rock types such as sedimentary, metamorphic, and igneous rocks [32] . The sediment source shift not only affected zircon elongation but also had an effect on zircon roundness. Well-rounded zircon grains increased significantly after the Quaternary, as shown in Figure 7 . Zircon roundness can be improved by physical abrasion after long-distance transport and recycling [15, [47] [48] [49] . The detrital zircon age spectra of the Quaternary sediments showed multiple peaks with higher abundance of the Neoproterozoic and Paleoproterozoic, which further implied that the sediments of the Yangtze Delta likely originated from the Tibetan Plateau [21] . 
Sediment Provenance Change in the Yangtze Delta during the Quaternary
The increase of zircon grains with small elongation in the Quaternary strata can be correlated to a multitude of potential source rocks. As mentioned above, slender zircon grains often originate from intermediate-acid igneous rocks such as those of granitic and acid volcanic genesis, while stubbed shapes are from the sedimentary and low-grade metamorphic rocks. Previous studies have documented that the Middle-Upper Yangtze basin covers different rock types such as sedimentary, metamorphic, and igneous rocks [32] . The sediment source shift not only affected zircon elongation but also had an effect on zircon roundness. Well-rounded zircon grains increased significantly after the Quaternary, as shown in Figure 7 . Zircon roundness can be improved by physical abrasion after long-distance transport and recycling [15, [47] [48] [49] . The detrital zircon age spectra of the Quaternary sediments showed multiple peaks with higher abundance of the Neoproterozoic and Paleoproterozoic, which further implied that the sediments of the Yangtze Delta likely originated from the Tibetan Plateau [21] .
Therefore, a sharp increase in rounded and stubbed zircon in the Quaternary samples from the Yangtze Delta indicated a new sediment provenance from the Middle-Upper Yangtze in Figure 9 . Sediment provenance shifted from the proximal area to multiple regions in the Middle-Upper Yangtze can be interpreted as the accelerated tectonic subsidence in East China and regional tectonic movement [23, 25, 26] . From the late Pliocene, the depocenter of the Yangtze Delta and its adjacent area gradually moved southward in Figure 9 . Accordingly, the Yangtze paleo-channel also moved southward from the North Jiangsu Basin to the estuarine area [45] . Therefore, a sharp increase in rounded and stubbed zircon in the Quaternary samples from the Yangtze Delta indicated a new sediment provenance from the Middle-Upper Yangtze in Figure 9 . Sediment provenance shifted from the proximal area to multiple regions in the Middle-Upper Yangtze can be interpreted as the accelerated tectonic subsidence in East China and regional tectonic movement [23, 25, 26] . From the late Pliocene, the depocenter of the Yangtze Delta and its adjacent area gradually moved southward in Figure 9 . Accordingly, the Yangtze paleo-channel also moved southward from the North Jiangsu Basin to the estuarine area [45] . 
Conclusions
According to the analysis of detrital zircon morphology in core sediments of the Yangtze Delta, a change in the sediment provenance was detected at the Pliocene-Quaternary transition. In the Pliocene sediments, the morphology of detrital zircons with angular to subangular shapes and large elongation exhibited similar characteristics as those in the tributaries of the Lower Yangtze. It indicated that the Pliocene provenance was merely from the proximal (the Lower Yangtze and southwestern Zhejiang Province). However, the Quaternary strata documented different zircon morphologies. During this time, the zircon roundness and elongation matched well with samples from the Yangtze mainstream and the Middle Yangtze tributaries. For these samples, stubby, well-rounded zircon grains suggested that sediment provenance was extended to multiple sources in the distal Yangtze drainage. Sediments transported over long distances from the distal Yangtze basin finally reached the estuary area since the Quaternary. The morphology of detrital zircon has proven useful when studying source-to-sink dynamics of sediments. 
